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COMPARISON OF NAVIGATION SYSTEMS 

I N  EARTH ORBIT 

By Michael J .  Oles , USAF 

SUMMARY 

Three procedures have been studied t o  determine which b e s t  u t i l i z e s  
t h e  c a p a b i l i t i e s  of  t h e  S-IVB instrumentation u n i t  (S-IVB I U )  , command 
module ( C M )  , and ground navigation systems during t h e  e a r t h  parking 
o r b i t  (EPO). 
b in ing  t h e  I U  and ground, and (3) combining t h e  CM system and ground. 
The systems were evaluated by determining t h e  v e l o c i t y  requi red  ( i . e . ,  
AV c o s t )  f o r  t h e  f i rs t  t rans lunar  midcourse co r rec t ion  (MCC) us ing 
e x i s t i n g  e r r o r  ana lys i s  programs. 

The procedures a r e  (1) using t h e  S-IVB I U  a lone ,  (2) com- 

The r e s u l t s  of t h e  study show t h a t  it i s  d e s i r a b l e ,  bu t  not neces- 
s a r y ,  t o  update t h e  S-IVB I U  estimate of pos i t i on  and ve loc i ty  i n  t h e  
EPO. If t h e  CM navigat ion system i s  prime f o r  navigat ing through t h e  
TLI  maneuver, it i s  des i r ab le  t o  perform an i n e r t i a l  platform alignment 
i n  EPO. The S-IVB I U  platform d r i f t  i n  EPO appears t o  cont r ibu te  
g r e a t l y  t o  t h e  AV c o s t  of t h e  f i r s t  MCC. 

The study ind ica t e s  t h a t ,  for  t he  f i r s t  10 hours a f t e r  t r ans luna r  
i n s e r t i o n  (TLI) ,  t he  time the  f i r s t  MCC i s  performed does not s i g n i f i -  
c a n t l y  inf luence the  s i z e  of t h e  cor rec t ion .  
t o  d i f f e r  f o r  various launch azimuths, lunar  dec l ina t ions  a t  pericynthion, 
and the  cons t r a in t s  they cause on the  t r ack ing  p r o f i l e s .  

The AV cos t  does not seem 

The AV c o s t s  presented i n  t h i s  repor t  should not be considered as 
being a c t u a l ;  r a t h e r ,  they should be  considered as c r i t e r i a  f o r  comparing 
t h e  t h r e e  navigat ion systems. 

INTRODUCTION 

In t h e  e a r t h  o r b i t  phase of t he  Apollo luna r  landing mission t h e r e  
a r e  t h r e e  navigat ion systems operating - t h e  S-IVB I U ,  t h e  CM guidance 
and navigat ion equipment, and the  ground t r ack ing  complex. For conven- 
i ence ,  t h e  S-IVB navigat ion system, hardware, and software w i l l  be 
r e f e r r e d  t o  as t h e  I U  i n  t h i s  repor t .  To determine t h e  navigation pro- 
cedure which bes t  u t i l i z e s  these  c a p a b i l i t i e s ,  es t imates  of t h e  uncer- 
t a i n t y  i n  pos i t i on  and ve loc i ty  were computed and evaluated i n  terms 
of t h e  f i r s t  midcourse cor rec t ion  f o r  t h r e e  navigat ion procedures - I U  
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alone, IU and ground, and CM and ground. 
the following areas were investigated: 

In studying the procedures 

1. Whether to update the IU estimate of position and velocity 
with the ground estimate. 

2. The use of CM instead of IU navigation to execute the TLI 
maneuver . 

3. The effects of platform misalignment and other hardware errors 
on the first MCC AV cost. 

4. How the time of the first MCC affects AV cost. 

5 .  The influence of launch azimuth and lunar declination at peri- 
cynthion on the first MCC AV cost. 

The S-IVB IU Navigation System 

The IU contains a navigation system which can maintain an estimate 
of position and velocity (R and V) throughout the launch phase, earth 
parking orbit (EPO) phase, and TLI maneuver. 
the IU integrator includes the effects of an atmospheric model, a,venting 
model, and four  zonal harmonics, but no accelerometer readings. 

During the EPO phase, 

During the launch 'phase and the TLI maneuver, the IU accelerometers, 
which are attached to an inertially oriented platform, measure vehicle 
accelerations due to thrust. These acceleration measurements are 
passed to a predictor which integrates thrust acceleration as well as 
the gravitational accelerations (including the effects of two zonal 
harmonics) to obtain R and V. 

A ground-computed R and V may be transmitted during EPO to replace 
the IU-computed R and V. Replacement of the onboard-computed vector 
by a ground-computed vector is called an update. 

Although it may drift from its inertial orientation, the inertial 
platform within the IU cannot be realigned after the launch phase has 
begun. 

The CM Navigation System 

The CM contains a navigation system which is capable of maintaining 
Because an estimate of  R and V during the entire lunar landing mission. 

its free-flight integrator does not consider atmospheric or  venting 
accelerations, the CM estimate of position and velocity during EPO will 
be updated prior to TLI. 
realigned. The thrust accelerations during powered flight are measured 

During EPO, the CM inertial platform may be 
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by accelerometers attached to an inertial platform within the CM. These 
readouts are passed to its predictor which integrates the gravitational 
and thrust accelerations. 

Ground Navigation System 

The ground navigation system can determine an estimate of the 
vehicle's position and velocity during all mission phases. 
sources of information can be used to obtain this estimate: 

The following 

1. A global network which includes unified S-band (USBS) and 
C-band tracking facilities. 

2. IU- or CM-computed R and V vectors telemetered to the Real-Time 
Computer Complex (RTCC 1. 

3. 
integrators. 

Vehicle vectors computed by RTCC free- and powered-flight 

The information obtained f rom these three sources can be combined 
at the RTCC to obtain a ground-estimated vector. 

During EPO, the RTCC free-flight Encke integrator includes a 
gravitational model with one tesseral and three zonal harmonics, the 
perturbative effects of the sun and moon, and venting and atmospheric 
models. At insertion into earth parking orbit, the IU estimate of 
R and V may be used by the ground navigation system as its initial 
estimate. 
the position and velocity of the vehicle. 

After the TLI maneuver the ground navigation system determines 

ANALYSIS 

The three navigation systems were compared in the following manner. 

The statistical deviation of the estimated from the actual R and 
V(covariance matrix) at the start of TLI was computed for the three 
procedures using various launch azimuths and injection opportunitites 
(appendix A). 
maneuver considering, as applicable, either IU or CM navigation errors 
during the maneuver (appendix B )  . The covariance matrix at the end of 
TLI represents the deviation of the IU o r  CM estimate from the actual 
R and V. This study assumes that if this deviation were zero, the 
vehicle would pass through the desired TLI target position near the 
moon; i.e., the estimated and desired R and V were assumed equal at 
TLI cutoff. The covariance matrices at TLI cutoff, considered to 
represent deviations of the actual from the desired R and V, were then 
propagated to the time of the first MCC. 

These deviations were then propagated through the TLI 

The AV cost of the correction 
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w a s  computed as a funct ion of t h e  covariance matr ix  a t  t h e  time of t h e  
f i r s t  MCC (appendix C ) .  

RESULTS 

Table I concisely presents  f i r s t  MCC AV c o s t s  f o r  each of t h e  
t h r e e  combinations of navigat ion systems. The f i r s t  MCC w a s  assumed t o  
occur e i the r  5 o r  1 0  hours a f t e r  T L I .  The following d iscuss ion  r e f e r s  
t o  t h e  f i r s t  MCC when made 5 hours a f t e r  T L I .  A comparison of t h e  I U  
a lone against  t h e  ground and I U  navigat ion systems combined i s  presented 
f o r  a 72.6O launch azimuth and -27.5' lunar  dec l ina t ion  i n  t a b l e  I. 
These conditions offer a TLI opportuni ty  a t  86.0 minutes a f t e r  EPO 
i n s e r t i o n  (EPOI). I f  a vector  update of t h e  I U  occurs 50 minutes a f t e r  
EPOI ( s e e  appendix A f o r  the  var ious t r ack ing  p r o f i l e s )  , t he  AV cos t  of 
t h e  f i r s t  MCC i s  3.35 fps .  I f  t h e  same condi t ions e x i s t  and no update 
i s  made, the AV cos t  of  t h e  f irst  MCC i s  4.93 fps .  

A second T L I  opportunity having a 72.6' launch azimuth and -27.5' 
lunar  dec l ina t ion  occurs 260.5 minutes a f t e r  EPOI; t h i s  i s  probably 
t h e  longest  time expected f o r  t he  e a r t h  parking o r b i t  phase. If  an 
update of the I U  es t imate  i s  made 228 minutes a f t e r  EPOI with t h i s  TLI  
opportunity,  t h e  midcourse AV cos t  i s  8.62 fps .  When no update of t h e  
I U  i s  made, t h e  AV cos t  of t h e  f i r s t  MCC i s  12.75 fps .  

When the  TLI  opportunity i s  c lose  t o  t h e  time of i n s e r t i o n  
(86 minutes) , t he  d i f fe rence  between t h e  f i r s t  MCC LV cos t  using both 
t h e  ground and I U  and using t h e  I U  navigat ion alone i s  about 1 . 5  f p s .  
When t h e  TLI opportunity i s  f a r  from i n s e r t i o n  (260.5 minutes ) ,  t h e  
d i f f e rence  i s  about 4 . 1  f p s .  

If the  I U  i n e r t i a l  platform i s  considered t o  d r i f t  i n  t h e  EPO and 
if t h e  I U  i s  updated 50 minutes i n  t h e  EPO with an i n j e c t i o n  opportuni ty  
86.0 minutes i n  t h e  EPO, t h e  AV cos t  i s  3.35 f p s .  
i f  t h e  platform did  not d r i f t  i n  EPO. The AV cos t  due t o  platform 
d r i f t  i s  therefore  1.26 fps .  

It would be 2.09 f p s  

I f  the I U  i s  not updated and t h e  T L I  opportuni ty  occurs a t  
260.5 minutes a f t e r  EPOI, t h e  AV c o s t  due t o  platform d r i f t  i n  e a r t h  
o r b i t  i s  2.77 fps .  

A comparison o f  a l l  t h ree  navigat ion system combinations ( I U  a lone ,  
I U  and ground, CM and ground) is  a l s o  presented i n  t a b l e  I. 
a 90' launch azimuth and a -27.5' lunar  dec l ina t ion ,  a TLI opportuni ty  
occurs 176.0 minutes a f t e r  EPOI. 
135 minutes a f t e r  EPOI, t h e  AV c o s t  f o r  f i r s t  MCC i s  5.88 f p s ;  with no 
update,  the AV cos t  i s  8.24 fps .  
cos t  i s  12.6 fps  i f  t he  CM platform i s  not rea l igned  i n  EPO and 8.51 f p s  
i f  it i s  real igned.  

Based on 

I f  a vec to r  update of t h e  I U  occurs 

I f  t h e  CM vector  i s  updated, t h e  AV 
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Table I1 presents  t h e  results i n  more d e t a i l .  The t a b l e  presents  , 

t h e  d i f fe rence  between I U  and ground combined and t h e  I U  a lone and t h e  
d i f f e rence  between the  I U  and ground combined and t h e  CM and ground 
combined. Table I11 d e t a i l s  the  ilV cos t  a t  t h e  f i r s t  MCC as a func t ion  
of individual  e r r o r  sources.  The r e s u l t s  i n  t a b l e  I1 and t a b l e  I11 are 
graphed i n  f igu res  1 through 4. 

CONCLUSIONS 

From t h e  r e s u l t s  of t h i s  study ( t a b l e s  I and I1 and f i g .  1 through 
4 ) ,  t he  following conclusions are drawn. 

1. In view of t h e  s m a l l  AV saving which occurs when t h e  S-IVB I U  
es t imate  of pos i t i on  and ve loc i ty  i s  updated i n  EPO, it appears t o  be 
des i r ab le ,  but not necessary, t o  perform t h e  update. 

2. From f i g u r e  3 it appears t h a t ,  up u n t i l  two revolu t ions  i n  t h e  
EPO phase, t h e  I U  performs the  TLI  maneuver with no update b e t t e r  than  
t h e  CM can with a platform alignment i n  EPO and a ground-computed vec tor  
update used as the  spacecraf t ' s  pos i t ion  and ve loc i ty  vector  a t  t h e  
s tar t  of TLI.  When a ground update of t h e  CM vec tor  has  been made as 
explained i n  t h e  appendices, but no platform alignment i s  e f f ec t ed ,  
t h e  AV cos t  of t h e  f i r s t  MCC always appears t o  be worse than i f  t h e  
S-IVB IU navigated through t h e  maneuver but  had no ground update i n  
EPO . 

3. I U  p la t form misalignment appears t o  be t h e  major cont r ibu tor  
t o  the  AV cos t  as portrayed i n  f igures  1 through 3. Figure 3 i nd ica t e s  
t h a t  it i s  q u i t e  des i r ab le  t o  a l ign t h e  CM i n e r t i a l  platform i n  EPO. 

4. This study ind ica tes  t ha t  t he  time the  f i r s t  MCC i s  performed 
does not s i g n i f i c a n t l y  influence the  s i z e  of t he  cor rec t ions  f o r  t he  
f i r s t  10 hours a f t e r  TU. 

5.  The aV cos t  of t he  f i r s t  MCC did not seem t o  d i f f e r  s i g n i f -  
i c a n t l y  f o r  various launch azimuths, lunar  dec l ina t ions ,  and the  con- 
s t r a i n t s  they cause on t h e  t racking p r o f i l e s ,  when s i m i l a r  times of 
T L I  opportuni t ies  were compared. 
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- 
'86.0 

a173. 0 
alol. 0 

86.0 
101.0 
173 0 
188.5 5 

a260. 5 260.5 

TABLE 111.- EFFECT OF INDIVIDUAL ERROR SOURCES ON THE FIRST MCC 

IU launch pad misalign- 2.92 2.88 

Other IU navigation hard- 5.43 5.35 
ware and software perfect 5.89 5.80 

8.04 7.92 

ment and drift to TLI. 3.34 3.29 

Time of TLI, 
minutes after 

EPOI 

Anytime 

Approximate time 
of vector update 
(if applicable), 

minutes after EPOI 

Anytimea 

Individual error sources 
of the ground and IU. 

IU scale factor and bias 
during TLI. Other IU 
navigation hardware and 
software perfect. 

AV c o s t  of 
the lSt MCC 

86.0 
101.0 
173.0 
188.5 
260.5 

86.0 
101.0 
173.0 
188.5 
260.5 

IU estimate of position 
and velocity at the 
start of TLI in error 
due to IU navigation 
errors during the launch 
and earth orbit phases. 
Perfect IU navigation 
during the TLI maneuver. 

3.94 
4.48 
6.23 
7.04 
9.88 

72.6' Launch azimuth; -27.5' lunar declination 
" 
,50.0 
50.0 

,136.0 
h136.0 
b228.0 

I 

IU estimate of position 
and velocity at the 
start of TLI in error 
due to ground navigation 
error and IU earth orbit 
navigation error from 
the time of the update 
to the start of TLI. 
Perfect IU navigation 
during the TLI maneuver. 

1.58 
2.84 
2.74 
2.78 
3.07 

4.84 
5.36 
7.07 
7.90 

10.7 

1.84 
3.38 
3.19 
3.09 
3.67 

Perfect update uplinked to IU. a 

bSee Appendix A for ground track profile. 
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APPENDIX A 

EARTH PARKING ORBIT PROCEDURES 

This appendix presents  t h e  procedures used i n  t h e  EPO t o  generate 
covariance matrices expressing deviations of t h e  onboard est imate  of 
pos i t i on  and ve loc i ty  from t h e  ac tua l  pos i t i on  and ve loc i ty  a t  t h e  s ta r t  
of t h e  TLI maneuver. 

The matr ices  were computed,under a separate  t a s k  ( r e f .  11, using 
A d e t a i l e d  t h e  Bissett-Berman Orbi t  Error  Analysis Program (BBOEAP). 

d iscussion on t h e  program i s  found i n  reference 2. 

The TLI  i n j e c t i o n  opportuni t ies  depend on t h e  launch azimuth, lunar  
dec l ina t ion  a t  per icynthion,  and cons t ra in ts  i n  t h e  updating procedures. 
The i n j e c t i o n  poin ts  a r e  given i n  t ab le  A - I .  

Table A - I  w a s  obtained by determining t h e  l a t i t u d e  and longi tude 
of t h e  vehic le  a t  TLI and t h e  t i m e  of TLI with t h e  B i s se t t -  
Berman V i s i b i l i t y  and Ground Track Program (BBVGTP) - ( ref .  3) .  

The BBVGTP w,as a l so  used t o  determine t h e  C- and S-band s t a t i o n s  
capable of observing t h e  vehic le  for various ea r th ,pa rk ing  o r b i t  
i n s e r t i o n  conditions.  
t r ack ing  i n  EPO with t h e  p o s s i b i l i t y  of a C-band or S-band s t a t i o n  
updating t h e  onboard vector .  It includes t h e  preliminary mission 
cons t r a in t  t h a t  t he  update, i f  it occurs, must be made 30-90 minutes 
p r i o r  t o  TLI.  
taken by t h e  C-band s t a t i o n s  occurred a t  6-second in t e rva l s .  

Table A-I1  was formed considering only C-band 

Observations of range and azimuth and e leva t ion  angles 

The covariance matrices expressing t h e  devia t ion  of t h e  estimated 
from t h e  a c t u a l  values were propagated i n  EPO t o  t h e  start of T L I .  
This s tudy assumes t h e  ground navigation system has no knowledge of t h e  
v e h i c l e ' s  pos i t ion  and ve loc i ty  a t  in se r t ion  i n t o  ea r th  parking o r b i t .  
During per iods of no t racking ,  t h e  covariance matr ices  of t h e  ground- 
computed est imates  were propagated considering e r r o r s  i n  t h e  vent ing,  
g r a v i t a t i o n a l ,  and drag accelerat ions.  During t racking  i n t e r v a l s ,  
e r r o r s  i n  t h e  observables were considered i n  t h e  covariance matr ices .  
Table A - I 1 1  includes t h e  ground track e r r o r  model assumed for t he  ground 
navigat ion sys tem . 

If t h e  I U  es t imate  i s  updated i n  e a r t h  o r b i t ,  i t s  est imate  a t  t h e  
start of TLI  deviates  from t h e  actual  because of t h e  e r r o r  i n  t h e  update 
and e r r o r  i n  t h e  I U  p red ic t ion  model a f t e r  t h e  time of t h e  update. If 
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t h e  IU estimate i s  not updated i n  e a r t h  o r b i t ,  t h e  e r r o r  a t  t h e  start 
of TLI i s  due t o  t h e  e r r o r  i n  t h e  IU e a r t h  o r b i t  i n s e r t i o n  conditions 
and t h e  error i n  t h e  IU pred ic t ion  model i n  e a r t h  o r b i t .  
assumed t h e  ground and IU navigation systems naa t n e  same f ree- f l ig  t 
pred ic t ion  model. 
no t r ack ing  were modeled as g r a v i t a t i o n a l ,  vent ing,  and drag acce le ra t ion  
uncertaint ies  shown i n  t h e  footnote t o  table 111. 

x This s t u d  

The e r r o r s  i n  bo th ,  during free f l i g h t  and periods of 

The e r r o r  i n  t h e  IU estimate of p o s i t i o n  and v e l o c i t y  a t  i n s e r t i o n  
i n t o  an ea r th  parking o r b i t  w a s  obtained i n  t h e  following manner: 

Reference 4 descr ibes  t h e  deviat ion of t h e  a c t u a l  from t h e  IU 
est imate  o f  t h e  pos i t i on  and ve loc i ty  of t h e  v e h i c l e  a t  i n s e r t i o n  due 
t o  30 navigation e r r o r s .  The dispers ions are 3a based on 30 per turbat ions 
of t h e  navigation parameters. Although t h e  covariance of t h e  onboard 
unce r t a in ty  w a s  not e x p l i c i t l y  given a t  i n s e r t i o n ,  it w a s  b u i l t  i n  t h e  
following manner. Let 

1 
3 
- 

3 . . . .  3Ax30 3Axl 3Ax2 3Ax --- 
3 P a 0 U 

p1 p2 
0 

30 

U ' 0  a 
p1 p2 p3 30 

P 0 

3Az1 3Az2 3Ai3 3A k 3o . . . .  --- 
0 a a 
p1 p2 p3 30 

P a 

= R  

6 x 30 

. . .  
where ( 3  ASi), i = 1, 30; S = x ,  y ,  z, x, y ,  z are t h e  3u dispers ions 
of t h e  s t a t e  a t  i n s e r t i o n  and a , i = 1, 30 corresponding t o  t h e  

navigation unce r t a in t i e s .  'i 
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T 
6 x6 

Then fi6 x 30 3o 3o Q30 6 = (covariance of state a t  i n s e r t i o n )  

. . .  30 obtained by 
1 

o? = - C (3A ik) ( 3 A  j k )  i ,  j = x ,  y ,  z, x ,  y ,  z 
'j k= l  

where k i s  t h e  navigat ion parameter causing the  p a r t i c u l a r  d i spers ion .  
Thus , 

1 1 
o2  = 9  = - (3A xl)  (3A x,) + 9 (3A x,) (3A x2)  + 

1 - . + - 9 (3A x30) (3A 

and 
1 1 

(3  Y,) (3A Z1) + - 
Y Z  9 9 0 2  = - (3A y,) (3A z,) + 

I ... + - (3' Y30) ( 3 A  z ) 30 9 
e t c .  

The covariance matrix obtained a t  i n s e r t i o n  w a s  expressed i n  a 
plumbline system defined at l i f t - o f f  as follows: 

The Y-axis p a r a l l e l  t o  and pos i t i ve  t o  the  veh ic l e  r ad ius  vec tor  
a t  l i f t - o f f .  

The X - a x i s  i n  t h e  plane of the  veh ic l e ' s  motion, p o s i t i v e  down- 
range,  perpendicular t o  y.  

The Z-axis completes a right-handed orthogonal system. 

It w a s  ro t a t ed  t o  t h e  l o c a l  v e r t i c a l  system t o  be used i n  t h e  
BBOEAP. The l o c a l  v e r t i c a l  system i s  defined as follows: 

The X - a x i s  p a r a l l e l  t o  and pos i t i ve  i n  t h e  d i r e c t i o n  of t h e  veh ic l e  
r a d i u s  vec tor  a t  t h e  t i m e  o f  i n t e r e s t .  

The Y-axis i s  i n  t h e  plane of t he  veh ic l e ' s  motion p o s i t i v e  dow- 
range, perpendicular t o  X. 

The Z-axis forms t h e  right-handed orthogonal system. 

The r o t a t i o n  w a s  accomplished i n  two s t e p s .  The f i r s t  w a s  t o  
r o t a t e  t h e  matrix i n t o  t h e  local v e r t i c a l  system defined a t  l i f t - o f f .  
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1 0 

1 0 0  

0 0 -1 

- 
0 

h 

Denoting the  l o c a l  v e r t i c a l  system by primes, 

Launch azimuth , 
deg 

72.6 

90.  

108. 

E] Az' 

Central  angle ,  
deg 

27.848 

25.546 

27.654 
- 

t = R  E] 
A k  

where '0 denotes t h e  n u l l  matr ix .  

Taking t h e  expectat ion of both s i d e s ,  P' = R P RT, where P i s  t h e  
covariance of  t h e  s t a t e  i n  the  plumbline system and P'  i s  the  covariance 
of t h e  s t a t e  i n  t h e  l o c a l  v e r t i c a l  a t  time of launch. P '  w a s  then  
ro t a t ed  through t h e  c e n t r a l  angle  between t h e  launch pad and i n s e r t i o n  
vector  by an in-plane r o t a t i o n  about t h e  z '  axis. 
dependent on t h e  launch azimuth ( see  r e f .  3). 

This c e n t r a l  angle  i s  

All o f t h e  covariance matr ices  presented i n  t h i s  r epor t  are i n  u n i t s  
of f e e t  and f e e t  per second expressed i n  a l o c a l  v e r t i c a l  system defined 
a t  t he  time of i n t e r e s t .  

The form of t h e  covariance matr ices  i s  

. . . . . . . . .  

......... 
cr .... z z  

....... 

....... 

....... 1 
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The covariance matrices a t  EPOI ( t a b l e  A-IV) express t h e  devia t ion  
of t h e  S-IVB est imate  from t h e  ac tua l  i n  t h e  l o c a l  v e r t i c a l  system 
defined a t  EPOI f o r  t h e  t h r e e  launch azimuths. 

Table A-V p resents  t h e  format of  t h e  covariance matr ices  at t h e  
s tar t  of TLI  ( t a b l e  A-VI )  considering update or no update of t h e  I U  
es t imate  i n  e a r t h  o r b i t .  
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Launch azimuth , 
deg 

72.6 

72.6 

90.  

108. 

I 

TABLE A-1.- T L I  OPPORTUNITIES 

1 Launch azimuth , (3% 

72.6 

72.6 

90.  

108. 

~~ 

Lunar declination, 
deg 

+27 5 

-27 5 

-27 * 5 

-27 - 5 

Injection opportunities , 
minutes after EPOI 

131. 
145. 

232.5 
218.5 

86. 
101. 
173. 
188.5 
260.5 

168. 
176. 
256. 

85. 
157 5 
172 * 5 
244.5 



TABLE A-11. - TRACKING V I S I B I L I T Y  P R O F I L E  

Injection opportunity 

Tracking In jec t ion ,  
i n t e rva l ,  minutes past 

ear th  parking o r b i t  insertion 
Station minutes past  ea r th  parking 

orbi t  insertion 

1st At l an t i c  injectiona 

1st Pac i f ic  injection 

2nd Atlantic injection 

2nd Pacific injection 
(same tracking as 
f o r  lst Pacific 
in j ec t ion  p lus  the 
ad j acent ) 

3rd Atlantic injection 

3rd Pac i f ic  i n j ec t ion  
(same tracking as  
for  2nd Pacific 
injection plus 
the adjacent ) 

(JYI 
CRO 
CNBbYC 

Same a s  for  
1st Pacific 
inject  ion 

WHS 
EGL 
CNV 
EDA 
CYI 
CRob 

Same a s  for  
2nd Pacific 
injection 

CAL 
WHS 
EGL 
CNV 
BDA 
PRF, 
CR0bY 

6.5 - 10.6 
42.3 - 44.1 
49.1 - 52.7 

Same as f o r  
lst Pac i f ic  
i n  j e c t ion 

80.1 - 82.2 
82.9 - 87.1 
84.3 - 88.2 
88.3 - 91.9 
98.9 - 102.4 

135.6 - 136.2 

Same as f o r  
2nd Pac i f ic  
injection 

169.2 - 171.5 
171.1 - 175.2 
175.3 - 179.3 
177.0 - 180.4 
180.0 - 184.1 
207.8 - 210.4 
226.5 - 230.1 

--- 
86.0 

101.0 

173 0 

188.5 

260.5 

a 

bUpdate occurred over the station. 

Injection opportunity does not meet the 30 - 90 minute update c r i t e r i a .  

C No C-band t r a c k i n g .  
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Tracking 
in te rva l ,  

e a r t h  parking 
o r b i t  i n s e r t i o n  

I n j e c t  ion opportunity S ta t ion  minutes past  

TABLE A-11.- TRACKING VISIBILITY PROFILE - Continued 

Inject ion,  I 
minutes past  
e a r t h  parking 

o r b i t  i n s e r t  ion 

a 
Lst At lan t ic  inject ion 

a 
Lst Pac i f ic  inject ion 

2nd At lan t ic  in jec t ion  

2nd Pac i f ic  inject ion 

a 

3rd Atlant ic  in jec t ion  

3rd Pac i f ic  inject ion 
(same tracking a s  for 
2nd Pacif ic  in jec t ion  
plus t h e  adjacent) 

--- 
--- 
--- 
CRO 
HAW 
CAL 
WHS 
EGL 
CNV 
ANT 
ASC 

CRO 

Same a s  for 
2nd Pacific 
in jec t ion  

pREb 

HAW 
CAL 
WHS 
EGL 
CNV 
GBI 
GTI 

41.5 - 45-7 
66.9 - 69.7 
76.6 - 78.6 
78.7 - 82.5 
83.0 - 86.9 
81c.3 - 88.4 

103.4 - 106.8 89.6 - 93-3 

114.5 - 118.5 
134.3 - 137.4 
Same a s  for 

2nd Pac i f ic  
i n j e c t  ion 

158.5 - 162.7 
171.2 - 174.4 

178.0 - 180.4 

168.3 - 171.1 
176.3 - 177.8 
177.8 - 179.2 
179.5 - 183.0 
182.1 - 185-5 
196.0 - 198.9 

Inject ion opportunity does not meet the  30 - 90 minute update c r i t e r i a .  a 

bUpdate occurred over the s ta t ion .  



TABLE A-11.- TRACKING VISIBILITY PROFILE - Continued 

In j ec t ion  opportunity 

Tracking In jec t ion ,  
i n t e rva l ,  minutes past  

S ta t ion  minutes past  ea r th  parking 
e a r t h  parking o r b i t  i n se r t io r  

o r b i t  i n se r t ion  

1st At lan t ic  in jec t iona  

1st Pac i f ic  injectiona- 

2nd At lan t ic  i n j ec t ion  

2nd Pac i f ic  in jec t ion  

3rd At lan t ic  in jec t ion  
(same t racking  as  
f o r  2nd At lan t ic  
i n j ec t ion  plus the  
adjacent 

3rd Pac i f ic  i n j ec t ion  

--- 
C Y I  
CW 
WHS 
EGL 
CNV 
BDAb 

Same a s  for  
2nd Atlant ic  
in jec t ion  

CYI 
CW 
CAL 
WHS 
EGL 
CNV 
BDAb 

Same as  for  
3rd Atlantic 
i n j e c t  ion 

6.5 - 10.6 

80.1 - 82.2 
82.9 - 87.1 
84.3 - 88.2 
87.8 - 91.9 

42.3 - 44.1 

Same as  f o r  
2nd At lan t ic  
i n  j ec t ion 

98.9 - 102.4 
135.6 - 136.2 

171.1 - 175.2 
169.2 - 171.5 

1-75 -3 - 179 3 
177.0 - 180.4 
180.0 - 184.1 

Same as  f o r  
3rd At lan t ic  
i n j ec t ion  

In jec t ion  opportunity does not meet t he  30 - 90 minute update c r i t e r i a .  a 

bugdate occurred over the  s ta t ion .  
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I n  j ec ti on opportunity S ta t ion  

TABLE A-11.- TRACKING VISIBILITY PROFILE - Concluded 

Tracking 
in t e rva l ,  

minutes pas t  
e a r t h  parking 

o r b i t  i n se r t ion  

(d) -27.5 Lunar dec l ina t ion ,  108' launch azimuth 
~ 

1st At lan t ic  injectiona 

1st Pac i f i c  injectiona 

2nd At l an t i c  in jec t ion  

2nd Pac i f i c  in jec t ion  
(same tracking as  
f o r  2nd At lan t ic  
i n j e c t i o n  plus the  
adjacent 

3rd At l an t i c  i n j ec t ion  
(same tracking a s  
for 2nd Pac i f ic  
i n j e c t i o n  plus the  
ad j ac en t  ) 

3rd Pac i f i c  in jec t ion  
(same t racking  as  
f o r  3rd At lan t ic  
i n j e c t i o n  plus the  
ad jacent )  

--- 
--- 
ANT 
ASC 
PRE 
CRO 
G U A ~  

CAL 
WHS 
m b  ,C 

EGL 
GTI 
PRE 
G U A ~  9 

0.0 - 1.1 
10.7 - 14.7 
22.3 - 25.9 
42.4 - 44.1 
54 .4  - 56.0 

75.2 - 79.2 
78.3 - 82.2 
81.0 - 84.5 

84.0 - 84.5 
07.0 - 89.5 

115.6 - 117.5 
1 4 5 . 4  - 149.0 

168.4 - 169.0 
170.1 - 173.4 

In jec t ion ,  
minutes pas t  
e a r t h  parking 

o r b i t  i n s e r t i o n  

157 *5  

172 -5 

244.5 

aInjection opportunity does not  meet t h e  30 - 90 minute update c r i t e r i a .  

bUpdate occurred over the  s t a t ion .  

C No C-band t racking .  
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TABLE A-1V.- COVARIANCE MATRICES O F  I U  ESTIMATE AT EPOI FOR._VARIOUS LAUNCH AZIMUTHS 

72.6O Launch azimuth 

90' Launch azimuth 

108' Launch azimuth 



3 1  

Time of TLI, 
minutes after 

EPOI 

TABLE A-V.- FORMAT OF THE COVARIANCE MATRICES AT 
THE START OF THE TLI MANEUVER 

Approximate time Navigation system considered 
of vector update and covariance matrix number 
(if applicable) , 

minutes after EPOI 
Ground and IU 

(a, b) Ground and CM 
N or ! 

(b 1 

131.0 90.0 1 17 
145.0 90.0 2 18 
218.5 180.0 3 19 
232.5 180.0 4 20 

72.6' Launch azimuth; -27.5' lunar declination 

86.0 50.0 5 21 
101.0 50.0 6 22 

136.0 7 23 
136.0 a 24 

173 0 
188.5 
260.5 228.0 9 25 

> 

90' Launch azimuth ; -27.5' lunar declination 

168.0 135.0 10 26 
176.0 135.0 11 27 
256.0 197 0 12 28 

108' Launch azimuth; -27.5' lunar declination 

85.0 55.0 13 29 
157.5 83.0 14  30 
172- 5 147.0 15 31 
244.5 172.0 16 32 - 

-~ 

72.6' Launch azimuth ; +27.5' lunar declination 

a See table A-I1 for ground track profile. 1 

bThe update was uplinked to the CM at this time, but the values 
were those predicted by the ground navigation system to the 
start of TLI. 
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APPENDIX B 

TRANSLUNAR INJECTION MANEUVER PROCEDURES 



APPENDIX B 

TRANSLUNAR INJECTION MANEWER PROCEDURES 

Reference 5 descr ibes  a program which propagates a covariance matr ix  
through powered-flight maneuvers. 
t h e  program:. 

The following a r e  t h e  main inputs  t o  

1. An ephemeris of t h e  maneuver containing t ime, p o s i t i o n  and 
ve loc i ty ,  t h r u s t  angles with respect t o  the  l o c a l  v e r t i c a l  and f u e l  
used a t  5-second i n t e r v a l s  throughout the  maneuver. 

2 .  I n i t i a l  covariance matrix of p o s i t i o n  and ve loc i ty .  

3. Variances i n  s c a l e  fac tor  e r r o r ,  platform misalignment and 
d r i f t  and accelerometer bias. 

The ephemeris of t h e  maneuver was generated by the  Apollo Reference 
Mission Program (ARMP). 
references 4 and 6 .  

The navigation u n c e r t a i n t i e s  were taken from 

The covariance matrices (appendix A )  a t  TLI a re  i n  t h e  l o c a l  
v e r t i c a l  system. They were ro ta ted  t o  the  i n e r t i a l  system of t h e  ephemeris 
by t h e  following transformation (ref.  7 ) .  

I T P = c Po co 
0 0 

Where : 

P i s  the  s t a t e  covariance matrix i n  the  l o c a l  v e r t i c a l  system. 

P is  the  covariance m a t r i x  i n  t h e  i n e r t i a l  system of the  ephemeris 

0 
f 

0 

of t h e  TLI maneuver. 

‘ 0 6 x 6  = [*] 
G i s  3 x 3 n u U  matrix.  

R and V expressed i n  the i n e r t i a l  system a t  the  start  of t he  
0 0 

maneuver. 
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The covariance matr ix  a t  t h e  end of T L I  i s  based only upon 
d ispers ions  i n  the  estimated s t a t e  ( a c t u a l  - est imated)  a t  t h e  s tar t  
of TLI  and dispers ions i n  the  navigat ion parameters. The engine un- 
c e r t a i n t i e s  do not a f f e c t  t h e  onboard est imate  s ince  t h e  accelerometers 
i n t e g r a t e  the t h r u s t  acce le ra t ion  during t h e  maneuver and c o r r e c t  f o r  
non-nominal va r i a t ions  occurring i n  engine parameters. 

This study assumes t h a t  t he  t a i l o f f  t h r u s t  p r o f i l e  i s  b u i l t  i n t o  
t h e  guidance package, and t h a t  t h e r e  i s  no devia t ion  from nominal cutoff  
condi t ions i f  t h e  navigat ion system i s  e r r o r  f r e e  and pe r fec t  knowledge 
of t h e  veh ic l e ' s  pos i t i on  and ve loc i ty  a t  t h e  s tar t  of T L I  i s  assumed. 
The S-IVB I U  o r  CM es t imate  of pos i t i on  and ve loc i ty  a t  t h e  end of t h e  
TLI  maneuver w a s  assumed t o  be  t h e  des i red  vec tor .  

Table B-I  and t a b l e  B - I 1  present  formats of t h e  covariance matr ices  
at t h e  end of t h e  TLI  maneuver ( t a b l e  B - 1 1 1 )  i n  t h e  l o c a l  v e r t i c a l  co- 
ord ina te  system defined a t  t h a t  t ime.  



TABLE B-I.- FORMAT OF THE COVARIANCE MATRICES AT THE EM) OF THE TLI  MANEUVER 

minutes after EPQI 
(a) 

1 I Approximate time I Navigation system considered I - 
and covariance matrix number * 

I U  Ground and IU Ground and CMD 
No Drift No Drift No platform Platform 
Drift Drift alignment alignment 

72.6' Launch azimuth; +27.5' lunar declination 

131.0 90. 33 49 65 8 1  -- -- 
145.0 90. 34 50 66 82 -- -- 
218.5 180. 35 51  67 83 -- -- 
232.5 180. 36 52 68 84 -- -- 

72.6' Launch azimuth; -27.5O lunar declination 

86.0 50 * 37 53 69 85 -- -- 
101.0 50 * 30 54 70 86 -- -- 
173.0 136. 39 55 7 1  87 -- -- 
188.5 136. 40 56 72 88 -- -- 
260.5 228. 41 57 73 89 -- -- 

~ 

- 

90' Launch azimuth; -27.5' lunar declination 

168.0 135 42 58 74 90 113," 116: 
176.0 135 * 43 59 75 9 1  114, 117, 
256.0 197. 44 60 76 92 115 118 

85.0 55. 45 6 1  77 93 -- 
157.5 83. 46 62 78 94 -- 
172.5 147. 47 63 79 95 -- 
244.5 172. 40 64 80 96 -- 

-- 
-- 
-- 
-- 

a 

bThe update was uplinked to the CM, but the values were those 

See table A-I1 for ground track profile. 

predicted by the ground navigation system to the start of TLI 
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IU estimate of position 
and velocity at the start 
of TLI in error due to 

during the launch and 
earth orbit phases. Perfect 
IU navigation during the TLI 
maneuver. 

S-IVB IU navigation errors 

TABLE B-11.- FORMAT OF THE COVARIANCE MATRICES AT 
THE END OF THE TLI MANEWER 

103 
104 
10 5 

107 
106 

Time of TLI, 
minutes after 
EPOI 

Anytime 

101.0 
173.0 
188.5 L 260.5 

Approximate time 
of vector update 
(if applicable) in 
minutes after EPOI 

Individual error sources of 
the ground and IU 

Any t  imeb 

b86. 
blOl. 
b173. 
bi88.5 
b260.5 

IU scale factor and bias 
atwing TLI. Other IU 
navigation hardware and 
software perfect. 

IU launch pad misalignment 
and drift to TLI. Other 
IU navigation hardware and 
software perfect. 

I 72.6' Launch azimuth; -27.5O lunar declination 

101.0 
173.0 
188.5 
260.5 

101.0 
173.0 
188.5 
260.5 

Launch azimuth; -27.5' lunar declination 

86.0 50 - 
101.0 50 * 
173.0 136.. 
188.5 136. 
260.5 228. 

50 - 
50 * 

136.. 
136. 
228. 

Covariance 
matrix 
number 

97 

98 
99 

100 
101 
102 

IU estimate of position and 
velocity at the start of 
TLI in error due to ground 
navigation error and IU 
earth orbit navigation 
error from the time of the 
update to the start of TLI. 
Perfect IU navigation 
during the TLI maneuver. 

108 
109 
110 
111 
112  

a 

bPerfect update uplinked to S-IVB. 

See table A-I1 f o r  ground track profile. 
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TRANSLUNAR PHASE PROCEDURE 
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APPENDIX C 

TRANSLUNAR PHASE PROCEDURE 

The AV cost of the first midcourse correction is computed from 
* the following formulation taken directly from reference 8.  Given the 
particular position and velocity of a vehicle, the AV required for the 
midcourse can be computed. 
is based on a simple guidance scheme and, for the present, on the 
assumption that the post injection orbit is well known compared to the 
expected deviation of the actual orbit from the nominal. 

The procedure for computing midcourse AV 

The deviations in position and velocity at midcourse correction 
time (t.,) and at some target time t are approximately related by the 

following linear expression 

The deviatiQn in position is just 

where X is a three element position vector and A and B are 3 X 3 matrices. 
The guidance law assumed is simply that a change in velocity is made at 
tM to achieve the proper position at a target time t. 

6Xt = A6% + B ( 6 %  + AV), where AV is the amount to be added to make 

6Xt = 0. 

That is, 

This expression can be written for AV. 

B (6% + AV) = 6Xt - A6% 

-1 
AV = B (6Xt - A 6 S )  - 

Since 6V is taken to make 6Xt = 0, this becomes 

-1 
AV = -B A 6% - 
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The expected value of AV then becomes 

T E(AV,  AV ) = E 

-1 
= (B A,  I) E 

- 1  

I 

I 
T = L P M L  

where L = ( B ' - A ,  I )  and P 

ve loc i ty  a t  tM. 
inf luence.  
AV. This i s  given by 

i s  t h e  covariance matr ix  of t h e  pos i t i on  and M 
The t a r g e t  time w i l l  be t h e  time of lunar  sphere of 

What i s  des i red  i s  not t h e  expected value of but t h e  s c a l a r  

nv = [: ( a  + a  hV + a  AVz ) ]i 
AvX Y 

2 The - f a c t o r  i s  t h e  first term i n  a s e r i e s  expression developed by 

Breakwell ( r e f .  9 ) .  

IT 

The t a r g e t  time used fo r  t h i s  study w a s  51.5 hours a f t e r  t h e  TLI 
maneuver. No drag o r  venting w a s  considered outs ide  e a r t h  o r b i t .  The 
covariance matrix of .posi t ion and ve loc i ty  a t  the  t i m e  of t h e  midcourse 
cor rec t ion  i s  generated by propagating t h e  covariance a t  t h e  end of 
TLI with two-body p a r t i a l s .  
and ve loc i ty  was assumed t o  be t h e  a c t u a l  vector  a t  t h e  time of  t h e  
f i r s t  MCC . 

The ground-computed est imate  of pos i t i on  

. 
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